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GP-303288 

ION CONDUCTIVE MEMBRANE MADE FROM A BLOCK 
COPOLYMER AND METHODS OF MAKING A BLOCK COPOLYMER 

TECHNICAL FIELD 

[0001] The present invention relates to a block copolymer for use as a 
solid polymer electrolyte, to an ion-conductive membrane made from a block 
copolymer and to methods of making a block copolymer. The present 
invention has particular relevance to synthesizing block copolymers for use 
as ion exchange membranes in fuel cells. 

BACKGROUND OF THE INVENTION 

[0002] The Nafion membrane developed by DuPont in 1966 as a proton 
conductive membrane has been almost the only advanced polymer electrolyte 
available for use in a membrane electrode assembly in a fuel cell. 
[0003] Due to the extreme requirements concerning the chemical stability 
of polymer electrolyte membranes used in fuel cells, only a very small 
number of polymer backbones are promising candidates. Aromatic 
polyethers are among the first choice for this application. Only a very 
limited number of polymer backbone types have a chance of withstanding the 
extremely demanding conditions a fuel cell membrane is exposed to. 
Hydrolysis, oxidation and reduction (hydrogenation) can lead to degradation 
of the polymer, reducing the lifetime of a polymer electrolyte membrane. 
Poly(arylene ether)s, especially poly (ether ketone)s and poly (ether sulfone)s, 
as well as polyarylenes such as poly(para-phenylene) are the most promising 
candidates for future improvements. Besides their chemical stability, these 
polymer classes also exhibit excellent mechanical properties in their native 
forms. 

[0004] US Patent No. 4,625,000 describes a sulfonation procedure of 
poly (ether sulfone)s for solid polymer electrolytes. However, post 



sulfonation of preformed polymers offers little control of the position, 
number, and distribution of the sulfonic acid groups along the polymer 
backbone. Moreover, the water uptake of membranes prepared from post 
sulfonated polymers increases leading to large dimensional changes as well 
as a reduction in strength as the degree of sulfonation increases. 
[0005] US Patent No. 6,090,895 provides a process for making cross 
linked acidic polymers of sulfonated poly (ether ketone)s, sulfonated 
poly (ether sulfone)s, sulfonated polystyrenes, and other acidic polymers by 
cross linking with a species which generates an acidic functionality. 
However, this reference does not suggest an effective way to cast membranes 
from those cross linked sulfo-pendent aromatic poly ethers. 
[0006] EP Patent No. 1,113, 517 A2 discloses a polymer electrolyte 
containing a block copolymer comprising blocks having sulfonic acid groups 
and blocks having no sulfonic acid groups by post sulfonation of precursor 
block copolymers consisting of aliphatic and aromatic blocks. In this patent, 
the precursor block copolymers are sulfonated using concentrated sulfuric 
acid, which leads to the sulfonation of aromatic blocks. However, this post 
sulfonation of aromatic blocks offers the little control of the position, 
number, and distribution of the sulfonic acid groups along the polymer 
backbone and this post sulfonation of precursor block copolymers also leads 
to the cleavage of chemical bonds of an aliphatic block. 

SUMMARY OF THE INVENTION 

[0007] In order to satisfy the above objects there is provided a block 
copolymer for use as a solid polymer electrolyte, said block copolymer 
having at least first and second segments, the first segments being provided 
with acidic substituents for proton transport and the second segments having 
substantially no acidic substituents and serving for the mechanical integrity 
of the solid polymer electrolyte. The first segments are preferably 
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hydrophilic segments whereas the second segments are preferably 
hydrophobic segments. 

[0008] An ion-conductive membrane having favourable properties can 
readily be made from such block copolymers. More specifically, in a 
preferred ion-conductive membrane said first segments have the general 
formula 



Y represents - O - S -, - CO -, - SO2 -, - C(CH 3 )2 or - C(CF 3 ) 2 -, 
diphenyl methylene, diphenyl silicon, fluorenyl or a bond directly to the next 
aromatic ring, end groups Z represent a halogen (F, CI, Br, I), -NO2 or - 
OH, Q represents -SO3H, -S0 3 "M + , -COOH, -COO M + , -PO3H2, 

- P0 3 H"M + , or - P0 3 2 ~2M + where M is a metal such as Na or K, 
with m being preferably between 5 and 200, with the bridges Y between 
sequential aromatic rings when m > 1 being the same or different and being 
selected from any of the above atoms or groups listed for Y and with Q not 
having to be present in every aromatic ring. 

[0009] In a preferred ion-conductive membrane said second segments 
have the general formula 




Q 



in which: 




in which: 

X represents - O -, - S - - CO-, - SO2 - C(CH3>2 -, -C(CF3>2 
diphenyl methylene, diphenyl silicon, fluorenyl or a bond directly to the next 
aromatic ring, the end groups G represent a halogen (F, CI, Br, I), -NO2 or 
- OH, with the number of repeating units n constituting a second segment 
forming a hydrophobic block preferably lying in the range from 5 to 200 and 
with the bridges X between sequential aromatic rings being the same or 
different and being selected from any of the above atoms or groups listed for 
X. 

[0010] Various methods are proposed, in accordance with the present 
invention, for manufacturing a block copolymer in accordance with the 
invention. 



[0011] One method comprises the steps of: 

a) synthesizing an end functionalised oligomer (block) consisting 
of a plurality of said second segments, said second segments having the 
general formula 




in which: 

X represents - O - S -, - CO -, - SO2 -, - C(CH 3 )2 -, - C(CF 3 ) 2 -, 
diphenyl methylene, diphenyl silicon, fluorenyl or a bond directly to the next 
aromatic ring and the end groups G represent a halogen (F, CI, Br, I), -NO2 
or - OH, with the number of repeating units n of an aromatic ring 



constituting a second segment forming a hydrophobic block preferably lying 
in the range from 5 to 200 and with the bridges X between sequential 
aromatic rings being the same or different and being selected from any of the 
above atoms or groups listed for X, and 

b) synthesis of a block copolymer by reacting the product of step 
a) with a monomer, or a mixture of monomers, suitable for forming said 
first segments, said monomer or monomers being selected from the group 
consisting of bisphenols, aromatic difluorides, aromatic dichlorides, aromatic 
dibromides, aromatic diiodides, and aromatic dinitro compounds, and any 
desired combinations thereof, said members of said group having an acid 
substituent at at least some of the phenyl rings. 

[0012] Another method comprises the steps of: 

a) synthesizing an end functionalised oligomer (block) consisting 
of a plurality of said second segments, said second segments having the 
general formula 



X represents - O - S -, -CO-, - SO2 -C(CH 3 )2 - -C(CF3) 2 - 
diphenyl methylene, diphenyl silicon, fluorenyl or a bond directly to the next 
aromatic ring and the end groups G represent a halogen (F, CI, Br, I), NO2 
or - OH, with the number of repeating units n of an aromatic ring 
constituting a second segment forming a hydrophobic block preferably lying 
in the range from 5 to 200 and with the bridges X between sequential 




in which: 
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aromatic rings being the same or different and being selected from any of the 
above atoms or groups listed for X, 

b) synthesising an end-functionalised oligomer (block) consisting 
of a plurality of first segments having the general formula 



Y represents - O -, - S - CO -, - SO2 - C(CH 3 ) 2 -, or - C(CF 3 ) 2 
diphenyl methylene, diphenyl silicon, fluorenyl or a bond directly to the next 
aromatic ring, Z represents a halogen (F, CI, Br, I), -NO2 or - OH, Q 
represents -SO3H, -S0 3 "M + , -COOH, -COOM + , -PO3H2, 
- P0 3 H"M + , or - P0 3 2 ~2M + where M is a metal such as Na or K, with m 

being preferably between 5 and 200, with the bridges Y between sequential 
aromatic rings when m > 1 being the same or different and being selected 
from any of the above atoms or groups listed for Y, with Q not having to be 
present in every aromatic ring and with G and Z being selected as partners 
capable of a coupling reaction, and 

c) reacting the products of steps a) and b) to form the block 
copolymer. 




Q 



in which: 



[0013] Also in accordance with the invention a method of preparing an 
ion-conductive membrane from a block copolymer made in accordance with 
either of the above methods comprises the steps of: 
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a) transforming the acid groups of the block copolymer to acid 
halide groups, 

b) casting a film from a solution of the acid halide form of the 
block copolymer of step a) onto a substrate, and 

c) transforming the acid halide groups into the corresponding 
acid groups, whereby said membrane is formed. 

[0014] The transformation into the acid halide form is preferably a 
transformation into an acid chloride form and is effected by the use of 
thionyl chloride, phosphoryl chloride or oxalyl chloride or another suitable 
reagent known in organic chemistry. The use of thionyl chloride is 
particularly expedient since it also acts as a solvent. 

[0015] The invention provides, in a preferred embodiment, a method of 
synthesizing sulfo-pendent block copolymers comprising an alternating 
sequence of hydrophobic blocks substantially consisting of aromatic ethers 
and hydrophilic blocks having ion exchange groups, wherein the 
hydrophobic blocks substantially have no ion exchange groups, whereas the 
hydrophilic blocks have such ion exchange groups prepared by conversion of 
sulfonyl chloride groups to sulfonic acid groups. The hydrophilic blocks 
have acidic functions, preferably between a minimum of 1 acidic function 
per 4 phenyl rings and a maximum of 2 acidic functions per each phenyl 
ring. Membranes manufactured from these block copolymers have particular 
commercial utility in solid electrolyte fuel cells due to their high proton 
conductivity, resulting from the high density of the Q groups in the first 
hydrophilic segments and the good mechanical properties resulting from the 
second hydrophobic segments which alternate with the first segments. 
[0016] In the membranes the long chains of the block copolymers 
automatically adopt positions in which the first segments of different chains 
tend to group together and form volumes of enhanced proton conductivity 
within a matrix of second segments which ensure mechanical strength and 
resistance to water solubility of the membrane. The grouping of the first 
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segments tends to form a so called micro-phase separated morphology, for 
example with the first segments in the form of spheres, cylinders or lamellae 
or of ordered bi-continuous double diamond structures, which measurements 
have shown to be favourable for use in membranes of fuel cells. Although 
fuel cells, especially PEM fuel cells, rely on proton transport, the 
membranes of the present invention are also suitable for the conduction of 
other ions such as Na+ ions. 

[0017] The present invention thus provides a novel and creative method 
of preparing preferably sulfo-pendent block copolymers fully based on 
hydrocarbons, as well as a process of membrane casting procedures from 
corresponding block copolymers comprising an alternating sequence of 
hydrophobic blocks and hydrophilic blocks. In the present invention, ion 
exchange groups are introduced into monomers and the so formed sulfonated 
monomers are then polymerized along with corresponding hydrophobic 
blocks by adaptation of an established procedure rather than by sulfonating 
the precursor block copolymers as in the prior art. This approach allows 
improved control over chemical structures of the solid electrolytes leading to 
improved overall performance in terms of long term stability, proton 
conductivity, and lower water uptake of corresponding conductive 
membranes. Consequently, introducing the sulfonated monomers into 
hydrophobic blocks allows full control of the position, number, and 
distribution of the ion exchange groups along the polymer backbone. Ion 
conductive membranes from sulfo-pendent block copolymers provide 
cylinders of the hydrophilic segments embedded in the hydrophobic matrix 
by rearrangements of hydrophobic blocks, which leads to higher proton 
conductivity. 

[0018] Preferred embodiments of the invention will be described by way 
of example in the following and are also to be found in the subordinate 
claims. 
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BRIEF DESCRIPTION OF THE DRAWINGS 

[0019] Figure 1 shows an SEM image of the fracture surfaces of an ion 
conductive membrane made in accordance with the invention; 
[0020] Figure 1 A (with the arrowed image) is a section of Figure 1 to an 
enlarged scale; and 

[0021] Figure 2 shows the result of resistance measurements carried out 
on a specific membrane at 25 °C and at 60°. 

DESCRIPTION OF THE PREFERRED EMBODIMENT 
[0022] The present description relates to a novel route for preparing ion 
conductive membranes fully based on hydrocarbons without any further 
sulfonation procedures of precursor polymers and without any further cross 
linking procedures of corresponding sulfonated polymers. A novel method 
of synthesizing block copolymers comprising an alternating sequence of 
hydrophobic blocks substantially consisting of aromatic ethers and 
hydrophilic blocks having ion exchange groups is disclosed, wherein 
hydrophobic blocks substantially have no ion exchange groups, but 
hydrophilic blocks have ion exchange groups prepared by conversion of 
sulfonyl chloride groups to sulfonic acid groups. Hydrophilic blocks having 
an acidic functionality are substantially comprised of aromatic ethers, 
wherein at least some aromatic rings have one ion exchange group each and 
some can have more than one ion exchange group. 
[0023] In the present description, the term sulfo-pendent block 
copolymer means a polymer in which an alternating sequence of hydrophobic 
blocks and hydrophilic blocks are directly chemically bonded. 
[0024] In the best mode of the present invention block copolymers are 
prepared in a two stage process. The first stage of the process is preferably 
used to prepare the precursors, that is, end-functional ized hydrophobic 
blocks with the desired length by imbalancing the chemical equivalence of 
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monomers constituting hydrophobic blocks having a repeating unit 
represented by the general formula [1]. 




In the formula [1], 

X represents - O - S -, - CO-, - SO2 -, - C(CH 3 )2 -, -C(CF 3 )2-, 
diphenyl methylene, diphenyl silicon, fluorenyl or a bond directly to the next 
aromatic ring and the end groups G represent a halogen (F, CI, Br, I), -NO2 
or - OH, with the number of repeating units n of an aromatic ring 
constituting a second segment forming a hydrophobic block preferably lying 
in the range from 5 to 200 and with the bridges X between sequential 
aromatic rings being the same or different and being selected from any of the 
above atoms or groups listed for X. 

[0025] An example of the end-fiinctionalized hydrophobic blocks 
represented by the general formula [1] constituting sulfo-pendent block 
copolymers may be obtained, for example, by the condensation of 4,4'- 
difluorobenzophenone with 2,2-Bis-(4-hydroxyphenyl)-propane at desired 
stoichiometry in the presence of potassium carbonate in order to adjust the 
length of the hydrophobic blocks, which lead to an end-fiinctionalized 
hydrophobic block oligomer, e.g. as represented by the general formula [2], 
wherein the alkyl groups of 2,2-Bis-(4-hydroxyphenyl)-propane may support 
the solubility of a hydrophobic block oligomer when it is employed for 
continuous condensation to introduce the sulfonated monomers into 
hydrophobic block oligomers. 
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[2] 



In the formula [2], 

the end groups G' are preferably - OH, or - F rather than - CI, - Br, - I, 
X' is preferably - CO or - SO2- when X" is the combination of - O -, 
and - C(CH 3 )2-. On the other hand, X' is preferably - C(CH3) 2 - when X" 
is the combination of - O -, - CO -, and - SO2 - in the formula [2], and 
n' is preferably from 2 to 200. 



[0026] The second stage of the process is preferably carried out to add 
the monomers having an acidic functionality, which are substantially 
comprised of aromatic rings of the general formula [3], in which one 
aromatic ring has one ion exchange group, to the end-functional ized 
hydrophobic blocks at desired stoichiometry in order to adjust the length of 
hydrophilic blocks and to continue the condensation to prepare the 
corresponding block copolymers. 
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In the formula [3], 

Y represents - O -, - S -, - CO - SO2 - C(CH 3 )2 or - C(CF 3 ) 2 -, 
diphenyl methylene, diphenyl silicon, fluorenyl or a bond directly to the next 
aromatic ring, the end groups Z represent a halogen (F, CI, Br, I), -NO2 or 

- OH, Q represents -SO3H, - S0 3 "M + , -COOH, - COO"M + , PO3H2, 

- P0 3 H"M + , or - P0 3 2 "2M + where M is a metal such as Na or K, with m 
being preferably between 5 and 200, with the bridges Y between sequential 
aromatic rings when m > 1 being the same or different and being selected 
from any of the above atoms or groups listed for Y, with Q not having to be 
present in every aromatic ring and with G and Z being selected as partners 
capable of a coupling reaction 

[0027] Among sulfonated monomers, preferred monomers include 
hydroquinone 2-potassium sulfonate (available from Aldrich Chemical Co.), 
potassium 5,5'-carbonylbis(2-fluoro benzene sulfonate), potassium 5,5'- 
sulfonylbis(2-fluorobenzene sulfonate), and the like. 
[0028] Potassium 5,5'-carbonylbis(2-fluorobenzene sulfonate), as an 
example of the general formula [4] may be prepared by sulfonation of 4,4'- 
difluorobenzophenone with fuming sulfuric acid and 5,5'-sulfonylbis(2- 
fluorobenzene sulfonate) may be prepared by sulfonation of 4,4'- 
difluorodipehnyl sulfone with fuming sulfuric acid. 




In the formula [4] , 

Y' is preferably - CO or - SO2 - due to its higher electron withdrawing 
property leading to an increase in the overall reaction activity of 
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condensation, Z' is preferably - F or -NCh rather than - CI, - Br -, or - I, 
and Q' is preferably - SChNa, or - SO3K, rather than - COONa, - COOK 
due to its higher acidity. 

[0029] Finally, each block copolymer consists of an alternating sequence 
of several hydrophobic and hydrophilic blocks. 

[0030] Casting an ion conductive membrane directly from a solution 
having sulfo-pendent block copolymers comprising an alternating sequence 
of hydrophobic blocks and hydrophilic blocks with the form of sulfonic acid 
may be impossible. Apparently, there is no common organic solvent for 
both types of blocks which will allow a membrane for a solid polymer fuel 
cell to be cast. To overcome this difficulty it is proposed, in accordance 
with the present teaching, to convert the sulfonic acid into acid chloride 
groups by any appropriate method, including reaction with thionyl chloride. 
Resulting block copolymers having the thionyl chloride groups converted 
from acid groups can be dissolved in a organic solvent such as 
tetrahydrofurane (THF), N,N-dimethylformamide (DMF), N,N- 
dimethylacetamide (DM Ac), dimethylsulfoxide (DMSO), N-methyl-2- 
pyrrolidone (NMP) and the like, which allows corresponding block 
copolymers to be cast onto a glass plate, and dried slowly at an elevated 
temperature and finally in vacuum. During the drying process, a micro 
phase separation between the hydrophobic blocks and the hydrophilic blocks 
may be expected. Ideally, the hydrophilic phase will form cylinders 
embedded in the hydrophobic matrix. The phase separation may be critical 
for the concept of the block copolymer membranes, as it may create a 
morphology comparable to that observed in Nafion membranes. 
[0031] The sulfonyl chloride in the membrane prepared may be 
converted into - S03Na or - SO3K when they are immersed into aqueous 
NaOH or KOH solution to regenerate the salt form. Further, if they are 
treated with an aqueous acidic solution such as sulfuric acid, hydrochloric 
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acid, or nitric acid, then the salt form may be converted into an acid, that is, 

- SO3H of the sulfonyl groups. The conversion of sulfonyl chloride to 

sulfonic acid groups and the corresponding hydrolysis procedure is 

preferably carried out at a temperature from 20 to 120 °C. 

[0032] In the present invention, the final form of membranes typically 

results in insolubility of the membrane in water and methanol under all 

conditions. 

EXPERIMENTAL PROCEDURES 

[0033] In the experiments which will subsequently be described with 
reference to examples the chemicals used are commercially available through 
Aldrich Chemical Co., or Fluka Chemical Co. unless otherwise noted. 
[0034] The membrane conductivity in the H + -form was recorded at room 
temperature by ac impedance measurements using a frequency response 
analyzer (Solartron 1250) in combination with an electrochemical interface 
(Solartron 1186). The membrane conductance was determined by 
extrapolating the high frequency end of a Nyquist plot to the real axis. The 
extrapolation was performed by a linear regression. For an evaluation of cell 
and contact resistances, measurements with a variable number (n = 1 - 4) of 
membrane discs were carried out and the sum of cell and contact resistance 
evaluated by extrapolation to n = 0. The specific conductivity was calculated 
from the average resistance and from their dimensions. The temperature 
dependence of specific conductivity was also determined in the temperature 
range between room temperature and 80 °C. 

[0035] Water uptake was measured as follows. Membranes were swollen 
in distilled water at the desired temperature, e.g. 80°C - a typical operating 
temperature for a PEM fuel cell - for 1 day, cooled down to room 
temperature and then removed from the water. Surface attached water was 
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quickly removed with tissue paper and the weight of the wet membrane was 
determined. The membrane was then dried to constant weight in a vacuum 
oven at 120 °C and the dry weight of membrane determined. Water uptake 
is calculated by the difference between the wet and dry weights divided by 
the dry weight, which is reported as a percentage. 

[0036] The ion-exchange capacity (IEC, mequiv of SChH/g) measured 
here is based on the following procedures. Membrane (preferably 0.5 g - 
1.0 g) was immersed into 50 ml of saturated NaCl solution and the mixture 
was stirred for 1 day to allow the H + ions to exchange with Na + ions. The 
released H + ions were titrated with 0.1 TV NaOH. From consumed NaOH, 
the ion-exchange capacity of the membrane was calculated via the following 
formula: 

IEC = consumed ml NaOH x molarity NaOH / weight dried membrane 
[meq/g] 

[0037] EXAMPLES OF CHEMICAL PREPARATION OF RELEVANT 
CHEMICALS 

Example 1. 

Preparation of a preferred monomer in the form of Potassium 5,5'- 
carbonylbis(2-fluorobenzene sulfonate) 

4,4 , -difluorobenzophenone (10.9 g, 50 mmol) was dissolved in 20 ml fuming 
sulfuric acid (-30% SOs). The solution was stirred at 100 °C for 16 hours, 
then cooled to room temperature and poured into 120 ml of ice water. KOH 
(28 g) was added to neutralize the excess fuming sulfuric acid. The mixture 
was cooled again and the addition of KC1 (25.5 g) resulted in the 
precipitation of a white solid, which was filtered off and dried. Re- 
crystallization from distilled water yielded a white solid. In order to 
completely remove the other inorganic salts, the white solid was re- 
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crystallized using distilled water once more. The yield was 16.18 g (71 %). 
The compound was clearly characterized using FT-IR and ! H-NMR. 

[0038] Example 2. 
Preparation of hydrophobic blocks 

A series of the end-fiinctionalized hydrophobic blocks represented by the 
general formula [1] constituting sulfo-pendent block copolymers were 
prepared in the following manner: 

l,3-Bis(4-fluorobenzoyl)benzene (3.546 g, 0.011 mol) was reacted with 2,2- 
Bis-(4-hydroxyphenyl)-propane at desired stoichiometry (> 0.011 mol) in 
the presence of potassium carbonate (3.075 g, 0.022 mol), in order to adjust 
the number average molar mass of the resulting hydrophobic block from 
4000 to 12000 (g/mol) with an interval of 2000 (g/mol), under a dry nitrogen 
atmosphere in a round bottom flask equipped with nitrogen inlet and a Dean- 
Stark trap using NMP (15 ml) and toluene. After brisk refluxing/recycling of 
toluene at 150 °C for 4 hours, a creamy suspension was obtained. Further 
toluene (15ml) was added and the refluxing was continued. The azeo trope in 
the Dean-Stark trap was drawn off, traces of toluene were removed by 
distillation at 182 °C under a stream of nitrogen and a yellow-colored slurry 
was obtained in the polymerization flask. The mixture was cooled and 
further NMP (45 ml) was added to the reaction mixture, which was heated at 
182 °C for 6 hours. The mixture turned slightly green. The temperature was 
slowly raised to 210 °C and about 30 ml NMP was distilled off under a brisk 
nitrogen flow. The nitrogen acts as an inert gas and precludes the entry of 
oxygen. The concentrated polymerization mixture was maintained at 182 °C 
for 2 to 3 hours. A dark, homogeneous solution was obtained. The viscous 
solution was poured into a large excess of MeOH in order to obtain an off- 
white polymer. This was washed with MeOH, filtered and dried. The yield 
was higher than 90 % in each reaction. Table 1 shows the results. 
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[0039] Table 1. Molar mass of hydrophobic block oligomers. (GPC vs 
PMMA calibration) 





Oligomer 
1 


Oligomer 
2 


Oligomer 
3 


Oligomer 
4 


Adjusted molar mass 
hydrophobic block (Mn, 
g/mol) 


4000 


6000 


8000 


10000 


Measured molar mass of 
hydrophobic block (Mn, 
g/mol) 


4200 


6100 


7900 


9900 



[0040] Example 3. 

Preparation of sulfonated block copolymers 

The sulfonic salt form of block copolymers was prepared by combining end- 
functionalized hydrophobic oligomers (prepared in Example 2) and 
potassium 5,5'-carbonylbis(2-fluorobenzene sulfonate) as prepared in 
Example 1 , hydroquinone 2-potassium sulfonate (commercially available 
through Aldrich Chemical Co.) at balanced stoichiomery of the functional 
groups using the same technique described in Example 2. However, DMSO 
was used as reaction solvent instead of NMP due to the poor solubility of the 
monomers. Also, desired sulfonated block copolymers having a different 
IEC value were prepared by varying the stoichiomery of the functional 
groups. The yield was higher than 92 % in each reaction. 

[0041] Example 4. 

Preparation of sulfonyl chloride form of block copolymers 
6.0 g of sulfonic salt form of block copolymer (as prepared in Example 3) 
and 60 ml of thionyl chloride were charged into a 100 ml round bottom 
flask. The mixture was refluxed for 8 hours, which led to formation of a 
viscous and homogeneous solution. Then, the mixture was poured into 500 
ml of a stirred mixture of ice and water. A white precipitate was formed and 
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the precipitate was washed with a large amount of water until the washings 
were pH-neutral. The corresponding sulfonyl chloride form of block 
copolymers was then washed with methanol and dried at 80 °C in vacuum 
for 24 hours. The yield of the sulfonyl chloride form was 4.9 g (82 %). 

[0042] Example 5. 

Membrane preparation from sulfonyl chloride form of block copolymers 
10.0 g of the sulfonyl chloride form of block copolymer was dissolved in 80 
ml of N,N-dimethylformamide (DMF) and the solution was subjected to 
filtration through 0.45 iim filter. Then the solvent was removed slowly 
under vacuum at an elevated temperature until the percentage by weight of 
polymer in solution became 30 (% w/V). The viscous solution was cooled 
and then poured onto a flat glass plate followed by adjusting the thickness of 
the cast film by means of a doctor blade and dried first at 60 °C in a vacuum 
oven for 2 hours, then the oven temperature was increased slowly to 120 °C 
and kept for 6 hours, and finally the vacuum was employed for 30 minutes. 
The membrane formed was then peeled from the glass substrate and 
immersed in distilled water. 

[0043] During the drying process, a micro phase separation between the 
hydrophobic blocks and the hydrophilic blocks is expected. Ideally, the 
hydrophilic phase will form cylinders embedded in the hydrophobic matrix. 
The phase separation, which appears critical for the concept of the block 
copolymer membranes, was demonstrated by a scanning electron microscopy 
(SEM) image of the fracture surfaces of membrane. The result is shown in 
Figure 1 . The dark circular domains surrounded by light gray domains are 
understood to be cylinders of the hydrophilic segments embedded in the 
hydrophobic matrix. The calculated length of the repeating hydrophobic 
moiety in the polymer backbone, on the assumption that poly backbones are 
fully extended, corresponds to 0.034 /xm and the length of the hydrophilic 
segment is 0.015 /xm. Based on the composition, one expects cylinders of 
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the hydrophilic segments. The maximum diameter of one individual cylinder 
should be the length of the hydrophilic segment, which agrees with that of 
the average circular domain, i.e. 0.010 jim, in Figure 1. 

[0044] Example 6. 
Regeneration of sulfonic acid groups 

Membranes having the sulfonyl chloride form were hydrolyzed in 1.0 N 
sodium hydroxide aqueous solution for 12 hours at 60 °C and then the 
membranes were exchanged twice in 1.0 N hydrochloric acid for 6 hours at 
room temperature. Finally membranes were exchanged in DI water several 
times. The results are summarized in Table 2. 



Table 2. Summary of the results. 





Membrane 


Membrane 


Membrane 


Membrane 


Membrane 




1 


2 


3 


4 


5 


Molar mass of 
hydrophobic block 
(Mn, g/mol) 


4200 


6100 


6100 


7900 


9900 


IEC (mequiv of 
SOsH/g) 


1.63 


1.33 


1.86 


0.88 


0.71 


Water uptake (80 

°C, %) 


40 


23 


59 


12 


11 


Proton conductivity 
(25 °C, S/cm) 


5.7 x 10 2 


4.2 x 10" 2 


9.5 x 10" 2 


2.3 x 10" 2 


0.9 x 10' 2 


Elongation at break 

(%) 


6 


28 


6 


15 


36 



[0045] Figure 2 shows the resistance measurements of membrane 3 as an 
example at 25 °C and 60 °C, which includes the calculated membrane 
resistivities obtained by linear regression of the experimental data at both 
temperatures. 
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[0046] From the above-mentioned results, the present invention allows 
the improved control over chemical structures of the solid electrolytes 
leading to improved proton conductivity, and lower water uptake when 
compared with conventional polymer electrolytes into which sulfonic acid 
groups are randomly introduced. Consequently, introducing the sulfonated 
monomers into hydrophobic blocks permits full control of the position, 
number, and distribution of the ion exchange groups along the polymer 
backbone and the ion conductive membranes formed from the above block 
copolymers provided cylinders embedded in a hydrophobic matrix, which 
leads to higher proton conductivity. 



